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The distribution of defects in Si100), (110, and(111) after boron implantation and annealing processes
was measured by means of different methods. Boron implantation was carried out at 300 K with three energies
(50, 150, and 300 keV or 30, 90, and 180 KeN multiple mode to obtain a homogeneously damaged layer.
lon fluences ranged from 1bto 10'® B* cm™2. The profile of vacancy-type defects was detected by variable-
energy positron annihilation spectroscofyEPAS). The defect concentration increases proportionally to
J®, where® is the ion fluence. It was found that the line-shape paran®tsrthe positron-electron annihi-
lation peak in the implanted layer increases wthThe divacancy (2) concentration observed by infrared
absorption spectroscofyRAS) was nearly constant in all samplésbout 1.8 10" cm™3). It can be con-
cluded that divacancies are not the main vacancy-type defect and the incrf®asiragneter must be attributed
to additional defects of larger open volume. A valbBigse./ Spu= 1.048 was fitted for the dominating defect,
whereS,, /Syu=1.04. Rutherford backscatterif@BS) measurements were carried out to detect the distri-
bution of displaced lattice atoms. The defect-production rate was proportiogd} gain. The concentration
profiles of implanted ions were measured with sputtered neutral mass spectrd8i¥5). In addition,

Monte Carlo calculations were done with theim code. The nearly homogenous defect distributions up to a
depth of 1um found by VEPASTRIM, and RBS are in very good accordance. The samples were annealed up

to 1150 K. It was found that the annealing behavior of vacancylike defects depends on the implantation dose
and on the sample material under investigation. The divacancies are annealed at 470 K as measured by IRAS.
An annealing stage of vacancy clusters at 725 K was observed in all samples by VEPAS. In Czochralski
material, a decrease of tieparameter below the value of defect-free Si was observed after annealing at about
750 K. This can only be explained by the appearance of a different defect type, most likely an oxygen-vacancy
complex. At high ion fluences (10B* cm™?), an increase of th& parameter above the defect value at room
temperature was observed after annealing at 700 K in a region 100 nm below the surface. Th& high
parameter is caused by the creation of larger vacancy clusters. These defects remain stable after annealing at
850 K. Correlated RBS and SNMS measurements were done at identically implanted samples for all annealing
stages[S0163-18207)03327-4

[. INTRODUCTION binary collision approximatichis often used. Secondary
processes such as displacements of other atoms and the for-
The intention for application of the ion-implantation tech- mation of defect cascades are taken into accdiitawever,
nique is the defined doping of different impurity species intothe behavior of implantation defects during annealing as well
semiconductors during the fabrication process of planar deas diffusion effects and defect reactions are still under dis-
vices. The major side effect of ion implantation, the radiationcussion.
damage, has been studied extensively for over two Semiconductor materials have different structural, electri-
decaded:? The depth distribution of implanted dopants is cal, and optical properties depending mainly on dopant spe-
well known. Electronic excitations and atomic collisions arecies and on defect structure. There are many possibilities in
the dominant energy-loss mechanisms of the incident ionghe near-surface region because the surface conditions have
Individual atomic displacements are the primary lattice re-an influence on the band bending and on the resulting elec-
sponse. Lindhard, Scharff, and Sthibave developed the tric field. Therefore, it is important to investigate the same
so-called LSS theory in 1963which describes the stop po- samples by several methods in the field of defect physics in
sitions of the implanted ions with a Gaussian distributionsemiconductors.
around the projected range. More recently, Monte Carlo The variable-energy positron annihilation spectroscopy
simulations are used to predict the primary damage after ioMEPAS) has turned out to be a very useful tool to detect
implantation. As an example, therRiIM code based on the open-volume defects because of its nondestructiveness and
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high sensitivity>? Sputtered neutral mass spectrometryacquired with a digitally stabilized multichannel-analyzer
(SNMS) and Rutherford backscattering spectroscORBS system. The Doppler broadening of the 511-kgVvay peak
are often used to detect the dopant distribution and the bevas measured at room temperature as a function of incident
havior of displaced lattice atoms, respectively. We observegositron energy from 0.1 to 39 keV. X810° counts were
the annealing of divacancies by infrared absorption spectrosollected in the 511-keV annihilation line at each incident
copy (IRAS). energy.

In this work we investigated the damage of ion implanta-
tion in the micrometer depth region. All methods used for the C. RBS measurements
defect detection, VEPAS, RBS, SNMS, and IRAS are espe-

cially sensitive in this range. Rutherford backscattering measurements were performed

at 100 and 239 K using 1.4-MeV Hdons and a backscatter-
ing angle of 177°. For the analysis, the difference in mini-

Il. EXPERIMENT mum yield A yi» Was determined, which is given by
A. Sample material and ion implantation yimp_ yperf
al al
Measurements were carried out at different sample series AXmm:Y—, 1)
ra

to investigate dependences on implantation fluences and di- _

rections. All samples were implanted with Bons at 300 K. whereY'?, YP®" are the backscattering yields in the aligned
We usedp-type[B] Czochralski silicon(10—30€) cm) with direction for the implanted and the perfect crystal, respec-
(111), (110, and(100 orientations and undoped silicon to tively. Y,, is the backscattering yield in random direction.
investigate the annealing behavior and dependences of iofrom theA y ., spectra measured at the two different tem-
beam-induced damage on the implantation direction and imperatures, the relative concentratiog, of displaced lattice
plantation fluence, respectively. To discuss the influence o&toms and their mean displacement distangeerpendicular
oxygen concentration, we irradiated Czochralski(iBitype  to the axis of incidence were determined in the framework of
[P], p=0.6 Q cm) and floating zonéFZ) material(n-type  the discontinuous model of dechannelifigising the com-
[P], p=0.5Q cm) under similar conditions. The oxygen puter codedicapa.® The existence of uncorrelated displaced
concentration of all Czochralski samples was about lattice atoms in the damaged layers was assumed and the
% 10'8 cm™3, whereas this concentration wax 10' for FZ  thermal vibration of these atoms was taken into account.
material. All implantations were done in the 7° off-axis di-

rection, which is typically used to avoid channeling effects. D. SNMS and IR absorption

In order to get sufficiently thick layers with an almost homo- ) L . .
geneous damage profile, Bions were subsequently im- SNMS investigations were performed with the device

planted with energies of 300, 150, and 50 keV. For the 300!NA 3 (Leybold/Specs The samples were bombarded by
keV implantation the ion fluence was varied between 1Positive ions extracted from a low-pressure high-frequency
x 10" and 2x 10" cm™2. TRIM simulations were carried out P/asma (Kr). The sputtered neutral atoms were post-

with minimal 5000 ions to calculate the fluence ratios fortheIonIZEd by electron impact in the plasma and mass-

different implantation energies in order to obtain a homogeS€lectively detected by a quadrupole mass filter. A standard

—3
neous damage profile. We found that the best ratios arBl2Sma pressurp(Kr) of about 1. 10"~ Torr, a rf power
2:1:0.45 at 300, 150, and 50 keV, respectively. To identify®f 190 W, and a Helmholtz coil current of 5.2 A were em-

the samples in the subsequent discussion, the ion fluence fBfoyed: A constant dc bombardment voltage of 550 V was
the largest implantation energy is indicated @s The applied to the sample. The depth of the sputtered crater in the

samples for the annealing experiments were implanted wit§@MPIe was measured by a surface profilEEKTAK 3030).

30, 90, and 180 keV in a similar mode. Homogeneous dam- 1€ IR investigations were performed on polished
age profiles allow an easier interpretation of experimentaf@MPles using a Lambda 1Berkin Eimey. The absorption
data for the VEPAS measuremefitempare Fig. Bbecause coefflc[ent shovx_/s an exponential t:_:ul in the near—edg_e region,
of its limited depth resolution. The samples were anneiied Which is superimposed by the divacancy absorption band
situ at a pressure of IO Pa during the positron experiment. (0-68 €V. The absorption exponent of the implanted Si

The annealing of samples for RBS, SNMS, and IRAS weréayers was determined in . the frequgnqy range
performed in an argon atmosphere at a pressure SeV=hw=<1.15eV by conventional transmission mea-

102 Pa. surements. Assuming a homogeneously implanted layer, the
absolute absorption coefficiektcan be calculated dividing
_ by the layer thicknesd obtained from the positron experi-
B. Slow positron beam ment. The exponential tail is interpolated and subtracted in
The variable-energy positron beam was produced by a 1.the region of the absorption band. The divacancy concentra-
GBq B* source of?Na assembled in transmission with a tion is proportional to the intensity of the absorption bahd.
5-um polycrystalline tungsten moderator, transported by
some solenoids. The beam having a diameter of 5 mm and anil. DEFECT PROFILING USING THE POSITRON BEAM
intensity of 5 10° e*/s was made to strike the sample. The TECHNIQUE
samples were mounted in an UHV chamber at a temperature
controlled sample holdef90-1200 K. The y annihilation
spectrum was recorded with a high-purity Ge detector having When positrons enter a solid, at first a rapid energy loss
an energy resolution of 1.9 keV at 1.2 MeV. The data werehappens, where positrons reach thermal energies. An ap-

A. Positron implantation and diffusion
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proximation for the resulting positron implantation profile is Positrons may also annihilate at the sample surface. Addi-
the Makhov distribution, suggested by Valkealahti andtionally, positrons can be reemitted from clean surfaces, ei-
Nieminen!? ther as bound with an electron, as positronium, or in a free
state. However, for the silicon oxide covered samples used in
mz" ! z\™ this study the reemission probability can be negleéted.
P(E,z)= S expg — %
0

, )

. . ) B. Annihilation parameters
wherem=2 andz; is related to the mean implantation depth o
Z by The momentum of the annihilating electrons causes a

Doppler broadening of the emittegradiation line. For this
zo=2/T (1/m+1). (3)  reason, the shape of the 511-keV annihilation line is sensi-
o tive to the local electronic environment in the solid and will
I' means the Gamman function. The mean deptth) is  differ between annihilations in defects and in the perfect lat-

obtained by tice. Usually, the shape of the 511-keV line is analyzed by
using the line-shape paramet&andW. TheS parameter is

= é En 4) defined as the ratio between the number of counts in the

p center (511 0.8 keV) to the total peak area, whereas the

P ] W parameter is defined as the ratio between the wing area
wherefzp (anm ) is the mass density. A=2.75 (>511+28 keV) to the total peak area. Every kind of de-
pgem “keV-" and n=1.7 are empirical parameters for foci yields a characteristi® andW value. In general, in the

silicon?*2 After thermalization, positrons will diffuse in the presence of open-volume defects, ®i@arameter is higher
solid until they annihilate. The diffusion can be described byi,o the bulk value. whereas tIW1 parameter is lower. A

the one-dimensional time-independent diffusion equation | aasureds parametelsimilar alsow) is a linear combina-

42 d tion of the specificS parameters for different annihilation
0=D, ~ ¢(2)— == [v4(2)c(2)]— AexC(2) + P(2) sites, such as
+ dZZ dz d eff p ’
©)
S=fhunSouit FsSs+ > fr;S) 8

with v4(2)=u,e(2). c¢(2) is the positron densityD , the

positron diffusion constang .. the positron mobility related where thef; (=f;=1) are the fractions for annihilation in the

to the diffusion constant by the Nernst-Einstein equationpulk, at the surface, and in defect typeSo a change it$

&(2) the local electric field in the direction, p(z) the pos-  can be caused by a change of the defect type or by a change

itron stopping rate at depth and\ ¢ the effective positron  of the defect concentration. By usir§ and W, one can

annihilation rate. In this work, we will neglect the influence define aR, parameter, which depends only on the defect

of electric fields on positron diffusion. This is reasonabletypel®!’ but is independent of the defect concentration, as

since there is only a weak surface band bending due to the

pinned midgap position of the Fermi level. This is a result of Ry =1(S— Spuid/ (W— Wy | - 9)

the high concentration of implantation defects in all as-

implanted samples. The diffusion coefficient for positrons in

bulk silicon at 300 K isD, =2.7 cnf/s.}* Using a positron

lifetime 7,=1/\,=218 ps in defect-free siliconthe posi-

tron diffusion lengthL , = VD, /\,, is 245 nm!* \, is called

the bulk annihilation rate for annihilation in the perfect crys-

tal. Negatively charged and neutral open volume defects are _

attractive traps for positrons. The effective positron annihi- S=hSiHRS,, (0

lation rate is then given by whereS; is the S parameter for annihilation in defettand
f,+f,=1. Then the changes i8 due to a change in the

Nefi=Np+ g, (6) defect concentration can be written as

This is valid if only one defect type is present, which is
surely not true in the case of ion implantation. But one can
redefine aR that is independent of the defect concentration
too, in the case of saturation trapping in two different defect
types. ThersS is written as

where i, (t abbreviates trapis the defect-specific trapping S—5,=1,(5,—-S,). (12)
coefficient andn, is the defect density. The produgtn, _ )

=k is the defect trapping rate for positron capture into de/An €quivalent equation can be found for tié parameter.
fects. In the case of a homogeneous defect distributioris ~ ThenR can be defined by dividing both equations
replaced by the effective diffusion lengthlL . o«

=VD . /\er, where a small .. o means a high defect den- R= S=% |: Si—5 | (12
sity. L, & can be extracted from the experimental data by W=W,|  |W;—W,|

the programvepFIT (Ref. 15 (see below The defect trap-
ping ratex; and, with a known trapping coefficiept;, the
defect densityn; are given by

=
L+,eff

With that, R depends only on the defect types involved and
not on the defect concentrations. This definition is similar to
Eq. (9), but S, is replaced by a typical defe& parameter
)2 (see the discussion in Sec. IV A.1

_ 1}

7) For data analysis in this work, we used the fitting and

Kt= mNg= A\
AR modeling progranvepFIT (for details see Ref. 25The pro-
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substrate — FIG. 2. S(E) curves of undoped Czochralski Si implanted with
L PR R— 2% 10 and 1x 10" cm™2 boron ions at an off-normal orientation

250 500 mode are shown exemplarily. The different slopes of the first part of
E (keV) all curves can be seen in the inset for a more extended fluence
series. The lines are best fits to the positron diffusion equation by
FIG. 1. RBS spectra of 8i00 implanted with different boron  VEPFIT.
fluences(upper part and a comparisorflower par} between the
RBS spectra for the largest implantation fluence and a random spegcattering spectrum fob =2x 10" B* cm™? with the ran-
tra, which is typical for amorphous material. dom spectrungsee lower part of Fig.)lit is obvious that the
total damage level is still low and the implanted layer con-
gram solves the diffusion equati®®) for a given layer struc- tains no amorphous zones.
ture. Equation(8) is fitted to the experiments® parameter The data of slow positron measurements shown in Fig. 2
data.S; is obtained from th& parameter data at low incident €xhibit the dependence of implantation damage on fluence.
energieS, when near|y all positrons reach the Surnge's There are Only two annihilation sites for the pOSitronS for the
usually different fromSy,, and depends on the surface con- Nonimplanted sampléreference First, at low incident ener-
ditions. Sy is obtained from measurements at high incidentdies the measure8 parameter is characteristic for the sur-
energies or from reference samples, when nearly all posface caused by the thin natural oxide layer. Second, at high
trons annihilate in the defect-free bulk beyond the implantecenergies 15 keV) all positrons annihilate in the defect-
layer. Then the fit results are the positron diffusion lengthsfree silicon. In the energy range between 0 and 15 keV, more
the thicknesses, and tf&parameters of the different layers. Or less positrons diffuse back to the surface. Here the course
The W andR parameter data are used for additional infor-Of the mixedS parametef{Eq. (8)] shows a characteristic

mation, such as Changes in the defect type. behavior for the pOSitron diffusion Iength in S|||Cd|245
nm). Furthermore, th& parameter curveshown in Fig. 2
V. RESULTS AND DISCUSSION are typlcgl for damaged layers in silicon produced by ion
implantation? The low surfaceS parameter caused by a thin
A. As-implanted state natural oxide layer at the surface increases at larger implan-

tation fluences; this means that the microstructure of the ox-
ide layer changes during implantation and is a function of
As an example for the damage evolution as visible byfluence. A similar behavior was found by Uedoabal. at
RBS, Fig. 1 shows the energy spectra of 1.4-MeV Hens  y-irradiated SiQ.'® However, these differences are not im-
backscattered on Bimplanted (100 silicon. For ion flu- portant in the following context, as they merely reflect dif-
ences ®<1x10® cm 2 the backscattering spectra are ferent surface conditions of the samples. The important dif-
mainly characterized by dechanneling of the analyzing ionsferences are the slopes of the curves to $hearameter
suggesting the existence of point defects and point defegilateau between 2- and 10-keV positron energy, which cor-
complexes, the concentration of which increases with intesponds to the change of the effective positron diffusion
creasing ion fluencésee upper part of Fig.)1After implan-  length. It can be assumed that even for the lowest fluence the
tation of 2x 10 B* cm 2 the occurrence of peaks in the trapping in the damaged layer is saturated, i.e., the fraction
spectrum indicates a distinct contribution of direct backscateof trapped positron$, is nearly 1. This fraction can be cal-
tered He ions to the measured yield. Therefore, defect clus-culated by
ters are to be expected, which are connected to the existence
of displaced lattice atoms having large displacement dis- f= Kt (13)
tances from the atomic rows. However, comparing the back- Kyt Ny

1. Implantation with different fluences
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FIG. 3. Resulting box profiles of theepriT fit are shown for FIG. 4. Comparison of defect profiles determinedrby, RBS,
different implantation fluences. The thickness of the damaged layesind VEPAS exemplarily shown for the sample implanted with 1
and the defect concentration increase with higher fluence. X 10 B*ecm™2

with a known trapping rate, [see Eq(7)]. This means that
the typical defectS parameter can be determined directly
from the plateau value d(E) curves, which also was veri-
fied by theveprIT fit. The common high-energy asymptote
represents the characteris8marameter of undamaged bulk
material Sy,). It indicates that above 30 keV most of the

positrons are implanted deep enough to annihilate beyon BS, and the concentration of divacancies from the IR ab-

the disordered layer. : a .
As known from theTrIM results, the defect profiles can be §orpt|on band around_iw—o.68 eV are depicted versus t_he
on fluenced. nyeetiS @ Measure of the total concentration

approximated with boxes of homogeneous defect density. .
U?w%ler these conditions, the effegtive positron diffusion))Of open-volume defects In g_eneral a‘mq'“i” (here taken at a
lengthL | .+ and the depth of the damaged layer are the onl epth of 1'2'“m? comprises information about the t_o_tal dam-
free nonlinear parameters of the fitting procedureRFIT. age concentration of implanted Iaye_:rs. Both quantltl_es follow
The defect concentration can be deduced according to E | square-root d(.epe.ndence on the ion fluecesee Fig. 5

(7). The exact positron trapping coefficients for all different similar behaV|or. in the same fluence range was fqund by
defects are unknown. It is usual to calculate the defect Con§ealy et al. for the integral strain measured b'y. x-ray diffrac-
centration of open volume defedtsp to small vacancy clus- 107 1 50-keV and 1-MeV boron-implanted silicéASuch a
ter) with the positron trapping coefficient for divacancies

(2, =8%10"s71).1° This procedure may be erroneous, . . .
i.e., the defect densities would be overestimated. However,
the error should be not larger than a factgrwheren cor-
responds to the difference number of vacancies in a small
vacancy cluster to the divacancy. This is due to the following oar < 2 A
arguments(a) Defects beside divacancies are small vacancy
clusters(see discussion belgvand (b) positron trapping co- ;
efficients are proportional to the number of vacancies of o-----" ¢----- ‘*w-__I
small clusters® The resulting concentration profiles

Ngefec{Z) are plotted in Fig. 3 for different ion fluences. It 0.01F . g —— 110"
can be seen that the concentration of vacancylike defects
increases with larger ion fluences. It is obvious from Fig. 3 10" 1(;15 10
that the thickness of the damaged layer increases also with fluence (cm™)
higher implantation fluence. This could be understood as an « Si(100)(110). (111) slow positrons
artifact of fitting procedure because we assumed box profiles. A Si(100) RBS

In contrast, Uedonet al?! found a shift of the damage peak —e- Si(100),(111) IR-absorbtion
towards the surface in boron-implanted silig@&® keV) with — Fit: A Xy s Ngope ~ @
increasing fluences betweenx30'? and 5< 10 cm 2

This was concluded from the corresponding shift of the g 5. Mean density of open-volume defects after boron im-

maximum ofS(E) curves to the surface, but not by a fitting pjantation, concentration of divacancies, and difference of mini-
procedure. The results of Uedoeoal. are possibly caused mum yield as a function of fluence calculated from results by slow
by the special implantation conditions through a 43-nm-thickpositrons, IR absorption, and RBS, respectively. The concentrations
oxide layer. Especially at low defect concentrations, i.e., abf open-volume defects and displaced Si atoms are proportional to
low trapping rates, there is a strong superimposition of posthe square root of fluencéstraight ling, whereas the divacancy
itron implantation and diffusion and thus a quantitative concentration is nearly constafuotted ling.

evaluation is necessary. The comparison of the calculated
defect profiles by the different methodsriM, RBS, and
VEPAYS shows that therriM calculation leads to slightly
deeper defect profilesee Fig. 4. A summary of the results

is given in Fig. 5, in which the defect densityj..:Obtained

y VEPAS, the difference in minimum yield ., from

B:Si 50, 150, 300 keV

A Xmm




1398 S. EICHLERet al. 56
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g i
~ . ]
07 3 T3 achieved at the lowest implantation fluence andRhgaram-
10 10 B 10 eter remains constant over the entire fluence range, one has
fluence (em ) to conclude that no further defect type becomes visible by

slow positrons. On the other hand, tBeparameter in the
FIG. 6. S parameter and defect-speciReparameter in the dam- damaged layer increases continuously with increasing ion
aged layer as a function of implantation fluence. Fhearameter  fluence. The published valueS,, /Sy =1.035 for
was determined with respect to the annihilation parameter of divadivacancie®2® was corrected by Simpson t&,, /Sy«
cancies[ Sy, /Spy=1.04 (Refs. 25 and 26and W, /Wy,x=0.935  =1.042" However, an increasing parameter does not mean
(Refs. 25 and 40. For details see the text. an increasing concentration of only one existing defect be-

. cause there is saturated trapping and the con&agpdram-

square-root dependen_ce is typical for defect eV.O|Uti.0n V13ter shows that there is no change in the type of defects.
homogeneous nucleation. This means that the primarily pro

L g i Consequently, from both the constant value of Bhparam-
duced de_fect .cascades containing sm.gle_—po.lnt defec.ts aer and the increasing parameter as a function of the ion
able to dissociate due to ther.mally or |0n|zat|onall_y St'mu'fluence, it can be concluded that divacancies and one addi-
lated processes. If these point defects are mqblle at th‘f;ronal larger open-volume defect type exist in the implanted-
present temperature, a homogeneous concentration of vac ficon layer. Assuming complete trapping in two different

cies and interstitials will be generated and temporary an fects(divacancies and vacancy clustertie S parameter
stable defect complexes are created by the aggregation ﬂfthe defect-rich layer can be calculated as

these randomly distributed mobile point defetts.
Figure 5 illustrates that the concentration of divacancies Suetec= F20Say + f S (14)

remains almost constant up to ion fluences of 3

X 10' cm™2, i.e., its concentration is saturated at the appliedwith

ion fluence€*1° For higher fluences the divacancy concen-

tration decreases weakly, indicating that they are suppressed 1=f+fq. (15

above a critical density. This observation as well as the mearpe fractionsf,, andf, can be determined from the diva-
i 9 -3 : v c

sured maximum value 01‘;3 10" cm* agree well with ear- cancy concentration,, measured by infrared absorption and

lier results of Steiret al.™ Comparing the concentration of 4 trapping ratex of both defect types is obtained from

divacar)cies with that of all open—volume defedig e @S positron measurements according to Ef). It is
determined by VEPAS, one finds that at least one larger

open-volume defect type must exist beside divacancies for MouNoy K= popNay

B* implantation with fluences larger tharx1.0"* cm™2. For Sttefec™ v p Sel- (16)
increased fluenceasyes Still increases, whereas the number

of divacancies is already saturated. Information about thén Fig. 7 the points represent the measured values of
structure of the defect complexes can be obtained from th8yeecf Spuik (COrresponding to the averaged plateau values in
S parameter. Figure 2 already shows that this value varieEig. 2) and the full line is the best fit with Eq16) using an
with the ion fluence. Such an increase of tBgarameter appropriate value 0. . The errors of the evaluation proce-
cannot be explained by an increasing concentration of onlglure are mainly caused by the uncertainty of IR absorption
one defect type for the saturated trapping state, thus pointingesults (10%) and by the value of the trapping coefficient
to the existence of at least two types of open-volume defectsu,, in the positron experiment. As can be seen, on the basis
In order to analyze this behavior more in detail, $yparam-  of this analysis a satisfactory description of the experimental
eter in the damaged layer and the defect speBifimrameter results can be given, thus supporting our assumption of two
are plotted versus the ion fluence in Fig. 6. As derived indifferent kinds of open-volume defects. The obtained value
Sec. lll B, theR parameter remains constant in the case ofof Sy/Sy, K amounts to 1.0480.001. A similar value was
saturated trapping into two types of defects. A significantalso determined by Nielsenetal. for 5 MeV, 1
change of theR parameter is expected when a third defectx 10" Sit cm 2 implanted Czochralski Si and it is assumed
type is detectable or when the assumption of saturated traphat this value is connected to the existence of small vacancy
ping is no longer valid. Since saturated trapping is alreadygglomerate&® Electron paramagnetic resonance investiga-
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50keV 2.3x10" cm” g =
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-, v 100 - direction =
1.04 o 4 111 - direction T g §
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: fiited curves (VEPFIT) 2202
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| 2
2 | 0.1
@D Loofrgt ___o-sooTs ]
3 3
1 {
M 0 0.2 0.4 0.6 0.8 1.0
E : depth (um)
09611 s
.. E FIG. 9. Defect profiles obtained from RBS pftype Czochral-
el ski Si (10—20Q cm) implanted with 5< 10*® B* cm™2 in the direc-
a tions(111), (110, and{100. The triple structure of the profiles is a
092 |16 00 05 10 15 20 | result of the multiple implantation with three energies. The profiles
’ I are different from each other. In addition, the calculated displace-
0 10 20 30 40 ment distances, are different.
positron energy (keV)

were implanted in one run and, in order to avoid channeling

FIG. 8. S(E) curves forp-type Czochralski S{10—-30() cm) ?ffec'[%’] |mpf)lanta_f[|on Wgs perform;:dthlnt ?h7 off-axis d'rei' f
implanted with 5<10' B* cm 2 in the (111, (110, and (100 ion. Therefore, it can be assumed that the same amount o

directions. The dashed box is magnified and shown in the inset. Thg,amage, is producgd ipdeper)dently of the SUbStra_te Or_iema'
slopes of the curves are nearly the same. tion. This assumption is confirmed by VEPAS, which gives
almost identicab(E) curves for all Si substrates investigated

tions by Sealyet al22 show for similarly irradiated samples (S€€ Fig. 8 That means that the differences observed by
the existence of SP3 centers, which were identified as pla- RBS (Fig. 9 have to be connected to an anisotropic lattice

nar silicon tetravacancié® and of3, centers associated with distortion caused by the implantation-induced defects. It
vacancy cluster® This agreement implies that small va- should be mentioned that the determined displacement dis-

cancy clusters were also measured. Sgarameter of diva- (@NCe is @ mean value comprising both large values that rep-
cancies was verified in the free fiS,,=1.0403 andS, resent the defect complexes and low values that arise from
1) " C

—1.0478 were free parametgrs the lattice distortion in thg surrounding of Fhe defect com-
plexes. Consequently)p, is the concentration of all dis-
placed lattice atoms and not the concentration of defects.
) ] _ ) Therefore, the results plotted in Fig. 9 indicate that in the
We investigated the dependence of implantation damagg oq) direction pronounced lattice distortions occur, i.e., low

on the substrate directiongl1ld, (110, and(100) in the  _and large concentration are observed, whereas itlth@
fluence range 10— 101_6 B* cm™2. Measured values @pa-  and(111) directions heavily displaced atoms are dominant.
rameters versus positron energy are shown in Fig. 8 for agomparing the depth distribution of defects determined by
as-grown sample and three samples implanted with a ﬂueUQQBS(Fig. 9 to that obtained with the help of VEPAg.

of 5X 10" B* cm™2 The reference sample shows the typi- 3) it follows that the latter one extends to larger depth. This
cal course. The measur&iparameter in the damaged layer is a consequence of the higher sensitivity of VEPAS, which
for implanted samples is clearly larger than the b8lpa-  ajlows the detection of open-volume defects up to relative
rameter due to positron trapping at ion-induced open-volumeoncentrations of less than 5%, which is not the case for
defects(see also the discussion in Sec. IVA 1 and Fiy. 2 RBS.

The relevant point in this experiment is that the data do not
differ more than the experimental errors at the different di-
rections for the same fluence. This means that the defect
density and defect type of open-volume defects are equal too In electron-irradiated samples only monovacancies, diva-
and are independent of substrate direction. In contrast, byancies, and vacancy impurity complexes were fotlithe
using RBS different results are found for the various low-primary irradiation defects are close Frenkel pairs. The
index directions. For an ion fluence ob&L0® cm™2, the  simple model is that new defects are formed when monova-
relative concentration of displaced lattice atomg,{) is  cancies become mobile around 100 K. The annealing char-
plotted versus depth in Fig. 9 and the corresponding meaacteristics in silicon is strongly influenced by the impurity
displacement distanceg (perpendicular to the axis of inci- content and additionally by the charge states of the defects.
dence are given. As can be seen, different values are obHowever, the divacancies anneal between 400 and 650
tained for(100), (110, and(111) oriented Si. The samples K.31~3

2. Dependence on implantation direction

B. Annealing experiments
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FIG. 10. Boron SNMS profiles of boron-implanted silicon 1.04 7
samples in the as-implanted state and anne@6@ and 1000 K
The curves were almost identical and are shifted by a factor of 2 fo
clarity. Z 102 7
4
Defect reactions lead to different defect types appearing
during the temperature treatment of ion-implanted sample L0o
too. The annealing behavior also depends on implantatio : 1
fluence and sample material. First, we show the SNMS dat
to extract the behavior of implanted boron during sample
0.98 u | 1 1 £ 1 1 1

annealing. The SNMS profiles of thex110*®* B* cm ™2 im-
planted sample annealed at different temperatures are pr
sented in Fig. 10 as an example. The profile shows clearl,
the three-boron maxima caused by the multiple implantation _
mode. Furthermore, the boron profiles are not changed dur- 7'G: 11. Comparison o8 parameter curves for FZ and Czo-
ing annealing at different temperatures to 1000 K sig- chralski Si _durlng |sochronal i\nnfallnigz. Both_samples were
nificantly, i.e., boron profiles are completely identical afterdoPed and implanted With>110* B” cmi™% The lines are only a
annealing at 700 and 1000 K. Hence boron diffusion can bgu'de for the eye.

neglected up to 1000 K.

20 25
positron energy (keV)

of Fig. 12 is rather complex since defect annealing and the
1. Dependence of annealing behavior on oxygen concentration formation of new defects are obviously superimposed in
in sample material Czochralski material, i.e., the measurdparameter is a
] ] » . mixed value. Nielseret al. observed the same different be-
Two different technologies are used for silicon single-payior for Czochralski and FZ Si implanted with 5-MeV
crystal growth(encapsulated Czochralski and floating Zone ijjicon jons? The defects visible at 800 K indicated by a
The most important difference between the grown singlgqyer 5 parameter in Czochralski material are apparently

- . 8 _3 .
crystals is the oxygen concentraltlon 9‘; fibO”i 7N related to oxygen impuritiéd and to the defects produced
Czochralski material and about #&m™2 in FZ material.

The differences of the annealing behavior for boron-
implanted (1x 10** B* cm™?) Czochralski Si and FZ Si are - - - -
presented in Fig. 11. Th® curves of the as-implanted state
(300 K) show the typical course for both samples. The thin
oxide film at the surface produces a Id@vparameter, the

1.04

isochronal annealing (15min)

damaged layer causes a hi§tparameter, and at high posi-
tron energies th& parameter is characteristic for bulk mate-
rial. The surfaceS parameter is shifted to a larger value at

=
o

(100-300 nm) /S bulk

B Fz Si[P-doped], p=0.45 Qcm
® Cz Si[P-doped], p=0.60 Qcm

about 500 K. No distinct qualitative change in the bulk was 15 100 be oo e N ]
found in positron measurements up to 650 K. The main an- reference value

nealing stage was observed at a temperature of about 720 K.

After this stage, theS parameter of the disordered layer in 0.98 | -

Czochralski material decreases to a lower value than the bulk
S parameter. In contrast, the FZ sample exhibits no signifi-
cant decrease below the buliparameter. This fact is shown

in Fig. 12, where thé& parameter is plotted versus annealing  FIG. 12. Annealing stages of FZ and Czochralski material
temperature. Th& parameter data in a depth range 100—300shown as the temperature dependence of the r8gmrameter of a
nm were averaged to reduce data scattering. The discussidepth range 100-300 nm. The lines are only a guide for the eye.

1 1 1
600 800 1000
annealing temperature (K)

1
400
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mean positron depth (pm) 7 . . . . . . . .
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FIG. 15. Annealing stage of divacancies in Czochralski Si after
implantation with 1x10'* B* cm 2 measured by IR absorption.
The lines are only a guide for the eye.

FIG. 13. Annealing behavior of 210" B cm 2 Czochralski
Si shown byS parameter curves.

during ion implantation. They are stable up to 900 K. The

exact nature of this defect complex is unknown, but severak10** B* cm 2 behaves similarly to the Czochralski sample
properties can be extracted. The necessary presence of oxXy-the previous experiment. The main annealing stage at 720
gen implies that the observed defect complexes contain oxy is attributed to small vacancy clusters. Uedaial. have

gen atoms. Since the complex is a positron trap at elevatefdund an annealing temperature of 1000 K for vacancy
temperatures, it must include at least one vacancy. Thelusters®” However, these clusters should be larger than four
simple VO complex can be excluded since it is only stablg,acancies. Additionally, a weak decrease of $yparameter

up to 600 K* Hence it must be a larger complex consistingis opserved for the three annealings 600, 650, and 700 K
of vacancies and oxygen atoms; e.g., leeieal. found that  (rig 14, In a superficial consideration one could attribute
especially the YO; is stable up to 870 R? Furthermore, it ypic stage to the divacancy annealing that occurs between

cannot be excluded that this complex exists prior to the Mal=n and 620 K238 This annealing was observed by the van-
implantation defect is annealed. At lower annealing tempera].- '

. L . 4 hed intensity of the 0.68-eV band in IR absorption spectra
tures, the positron trapping in the main defect dominates an : .

) : ee Fig. 15 Here the annealing temperature was deter-
the oxygen-vacancy complex could be hidden. The signal o

the V,O, complex is much smaller in FZ material due to the mined 1o be 470 K; which is in good agreement with the
reduced oxygen concentration. Thus the main annealin&

alues in the literaturd? However, the annealing of the di-
stage can be studied almost independently of these oxygefacancies has no noticeable influence onSiparameter. On
vacancy complexes.

the other hand, the formation of the oxygen-vacancy com-
plex discussed above would explain the obser8quhram-

2. Dependence of annealing behavior on boron fluence eter decrease between 550 and 650 K.

The dependence of the annealing behavior on boron flu- The annealing behavior of the highly implanted (1

6 R+ ~m—2 i di . g
ence was studied in Czochralski matefgigs. 13 and 14 ><|101 dB cm I) §amp|ef|s dlffereAnt from the low-dose im
As expected, the sample implanted with a fluence of jplante sample In one eature. A neyparameter compo-
nent becomes visible in a temperature range from 700 to 850

K and at positron energies between 1 and 3 Keig. 16.

This behavior can be attributed to the formation of a differ-
ent defect type in the near-surface region that appears only at
high boron fluences. Here tH& parameter increases above
S, Which is visible at room temperature after annealing at
700 K. It is obvious that a different defect is formed close to
the surface that is different from the primarily introduced
defect clusters. The hig8-parameter implies the formation

of larger vacancy clusters. On the other hand, a highesn

1.04

2 B:Si (Cz) 1x10" B'em”
¥ 1.02} isochronal annealing (15 min)

175}

reference value

098} . ; . . .
also be caused by a change in the chemical environment, i.e.,
it could be attributed to boron-related defects. At this sample,

0.96 1 1 1 i 1 1 L 1 . .

300 400 500 600 700 800 900 1000 the concentration of the implanted boron should be larger as
annealing temperature (K) the equilibrium solid solubility?® However, SNMS measure-

ments showed that the boron distribution was not influenced
FIG. 14. Annealing behavior of 110" B* cm 2 Czochralski by annealing. A distinct defect diffusion happened at tem-
Si characterized by th& parameter obtained by averaging tBe peratures below 725 K, as can be seen from the narrowing of

values in the depth range 100-300 nm. The lines are only a guidéhe S(E) curve. Thus the agglomeration of defect clusters
for the eye. seems to be a more probable explanation for our results.



1402 S. EICHLERet al. 56

mean positron depth (1um) clusters(containing three or four vacancjesxist in the as-
0 0lIs 059 118 192 281 383 497 implanted state. Th& parameter of this defect was deter-
' — o T mined to beS; /Sy = 1.048+0.001. This assumption is fur-

B:Sihlxl?lé}ycr;}'z sy ther supported by the thermal stability of these defects. The
B isochronal annealing (15min) main annealing stage was found at 720 K, whereas the an-
ab 1 nealing of divacancies occurs at 470 K.

(iv) A distinguished dependence of atomic displacements

..

i:‘ - o= SN S, v __\h!-—':—=—- - . . . . . .
s T = e A S on implantation direction was found in the RBS experiment,
A —s— 300K . . .
0osl. —e— 600K | while the vacancylike defects detected by slow positrons do
I not show such a dependence. This means that the RBS data
096 o S0k i show an anisotropic lattice distortion caused by the
—a— 950K implantation-induced defects.
0044 BE O (v) The different oxygen concentration in Czochralski
- : : - - - - . (103 cm™3) and floating zone silicon (#6cm™3) has an
o s e B 20 303 influence on the defect reaction occurring during the anneal-
positron energy (keV)

ing. In contrast to FZ material, in Czochralski silicon a pos-
itron trap was detected in the temperature range between 750
and 900 K, which exhibits ai% parameter lower than the
bulk S parameter. It was concluded that its nature is a com-
plex consisting of at least a vacancy and an oxygen atom.
Due to its thermal stability up to 600 K, the simple V-O

V. CONCLUSION complex must be excluded.

(vi) For the highly implanted (% 10*® B cm™2) sample
different defect type was created in a 100-nm layer behind
e surface due to heating at 700 K. This defect is stable up

FIG. 16. Annealing behavior of 210 B* cm™2 Czochralski
Si shown byS parameter curves. The lines are only a guide for the,
eye.

Defects and defect reactions were studied in boron-
implanted silicon samples and during annealing treatment b

slow positrons, RBS, SNMS, and IRAS measurements. Th . _
following conclusions were drawn. to 850 K. It is possible that larger vacancy clusters or boron-

(i) There is no amorphization of the silicon target by bo_stabilized open-volume defects were generated due to ag-

ron implantation at room temperature up to fluences of zglomeratlon of mobile open-volume defects.
X 10'® B* cm™2 The RBS data show a clear difference from
a random spectrum, which is typical for amorphous layers.
(ii) A nearly constant divacancy signal was detected by IR The authors would like to thank B. Mar (TU Berlin)
absorption in a wide fluence rangélx10¥ to 2  and G. Lenk(FSU Jenafor performing the boron implanta-
X 10'® B*ecm™?), whereas an increase of the integral defecttions. The IR measurements were supported by Dr. H. Riede
concentration obtained by slow positrons and RBS is propor¢Uni Leipzig). Furthermore, we acknowledge the WACKER
tional to the square root of the fluence, which is in accor-SILTRONIC GmbH for providing us with the silicon wafer
dance with the model of homogeneous defect nucleation. material. This work was supported by the Deutsche For-
(iif) We conclude that beside divacancies, larger vacancgchungsgemeinschatft.
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